Abstract: Active phase locking of a multicore erbium-doped fiber amplifier is demonstrated for 180 ns narrow-linewidth pulses at 1545 nm. A spatial light modulator is used at the input of the amplifier to control the optical phase of 7 beams injected in the hexagonally-arranged cores, ensuring efficient combining through a SPGD algorithm. At the output, combining is performed using a diffractive optical element. This experiment establishes multicore amplifiers as a promising way to scale the energy of Brillouin-limited pulsed amplifiers for LIDAR applications. We also present a simple lensless technique to measure phase shifts between pairs of adjacent channels that could be implemented in future active coherent combining systems.
Introduction
Power scaling of fiber-based laser sources has shown tremendous progress over last decades. However, applications require ever-increasing performances, in various temporal regimes. An example of such application is Doppler LIDAR, where long (~100 ns) energetic (~100 µJ -1 mJ) narrow-linewidth pulses are used to probe wind speed [1] in the atmosphere. In this regime, Brillouin scattering limits the peak power at the output of large mode area fiber amplifiers to around 1 kW [2] .
Coherent Beam Combining (CBC) is now widely recognized as a way to scale the power and energy of laser sources while retaining the spatial and temporal properties of a single source. This process ideally allows power scaling by a factor equal to the number of amplified beams. CBC has been particularly investigated for fiber amplifiers, since the well-controlled beam quality facilitates its implementation [3] . When operated in pulsed regime, one of the main drawbacks of fiber amplifiers is that the achievable output energy is much lower than that of bulk amplifier, due to enhanced nonlinear effects. CBC has therefore been particularly useful in the context of pulsed fiber amplifiers, e. g. in the nanosecond [4] or femtosecond [5] regimes. The vast majority of demonstrations of CBC has been done with Yb-doped fibers, allowing the highest output powers.
Multicore fibers (MCF) have also attracted attention as a way to provide integration to CBC systems: instead of using separate fibers, amplification can be distributed over several independent cores of a single fiber. The CBC system can use a single element to provide phase control to the beams, such as a spatial light modulator (SLM) [6] , or a deformable mirror [7] and a single pump source can also be used. Moreover, since the cores share the same environment, it has been shown that optical phase fluctuations are reduced, allowing the use of a much slower feedback system to control them.
In this Letter, we demonstrate CBC of a 7-core Er-doped fiber amplifier in the eye-safe wavelength region, operated in narrow-linewidth 100 ns pulse regime. Phase control is based on a stochastic parallel gradient descent algorithm controlling a SLM, while beam combining is achieved using a diffractive optical element (DOE), resulting in an excellent output beam quality. We obtain a combining efficiency of 63%, to be compared with the unoptimized DOE theoretical efficiency of 75%. This work is a promising step towards multi-kW peak power systems for Doppler LIDAR applications.
The erbium doped multicore fiber
The MCF shown in Fig. 1(a) was custom designed and fabricated using the stack and draw technique. Each Er-doped core is single mode at the signal wavelength of 1545 nm and has a mode field diameter of 15.5 µm. The index step is measured to be 0.0038, as shown in Fig.  1(b) displaying the index profile of a single core. The corresponding numerical aperture is 0.1. In order to provide a polarization-maintaining behavior for each core, boron rods are inserted to induce a birefringence of 1.6x10 −4 . The distance between neighbor cores is 85 µm with 1 µm of standard deviation.
By coupling light in a single core at the input and observing the output beam, no optical coupling between cores is observed, so that each core behaves as an independent fiber amplifier. No pump clad was included for this proof-of-principle demonstration, implying that the MCF must be core-pumped. Although adding a pump clad would make the fabrication process more difficult, in particular with respect to the accurate control of intercore distance, it will be considered in future work. The measured absorption of one core is 7 dB at 1480 nm, the pump wavelength, while the peak value of absorption is 15 dB at 1530 nm in 1 m of MCF. 
Experimental setup
The experimental setup is depicted in Fig. 2 , based on the MOPA architecture. The input signal to the MCF is generated by an all-fiber setup: a distributed feedback laser diode generates CW radiation at 1545 nm with a linewidth of 5 MHz, and an acousto-optic modulator is used to shape 178 ns FWHM pulses at 20 kHz repetition rate. This signal is preamplified in two stages (Er3 + / Er3 + -Yb3 + ) of standard single mode amplifiers. The preamplified signal beam is collimated and sent to a spatial light modulator (SLM). To prevent optical damage on the SLM display (damage threshold~2W/cm 2 ), the size of the collimated signal beam is chosen to cover the full active surface of the SLM.
To generate the 7 beams for MCF fiber coupling, the SLM displays a phase map equivalent to the sum of seven maps, each of which represents a grating that diffracts the beam to one core. This allows accurate control of the position of each beam in the fiber input facet plane, and the optical phase of each beam. The phase map displayed on the SLM is the phase term of the complex field described by E:
where n x and n y are the coordinates of each core, φ n are the optical phases of each spot, λ is the wavelength and f is the focal length used for fiber coupling. Due to the overall diffraction efficiency of the SLM, the coupling efficiency to the MCF is approximatively 40%. A dichroic mirror is added between the SLM and the fiber input facet to protect the SLM from residual counter-propagating pump light. We now focus on the subsystem located at the output facet of the fiber, which serves two purposes: it both acts as the signal combiner and core pumping splitter. The pump light is generated by a 5 W average power Raman effect-based single transverse mode fiber source at 1480 nm wavelength. As previously mentioned, the lack of a pump clad structure implies that the pump beam must be coupled to each core, so that 7 pump beams must be generated. The DOE located at the output of the fiber is used in splitting configuration for that purpose, in a counter-propagating geometry. It is a Damman phase-only grating with 75% diffraction efficiency and power uniformity difference better than 1% between useful orders. The optical pumping system includes lenses that are used to match the pump beam to the fiber cores diameter and pitch.
The separation angle θ of the DOE is given by
, where m is the diffraction order and p is the grating period. At the pump wavelength, θ p = 3.16 mrad, while at the signal wavelength, θ s = 3.30 mrad. The focal length f that must be used for lens L3 to focus the pump beam onto the fiber output facet, or to collimate the signal and send it to the DOE, is therefore given by
where d x is the inter-core distance. This equation implies that there is a tradeoff between optimal pump coupling and optimal signal combining efficiency, related to imperfect input angles of the signal at the output of the amplifier and into the DOE. In our experiment, this focal length must be equal to 26.9 mm to optimize pump injection. We therefore use an adjustable air-space doublet to precisely control this parameter. As a result, the estimated pump power coupled to each core is 345 mW, taking into account the 92% transmission of the dichroic mirror, the 75% DOE efficiency, and a 70% mode matching to the fiber cores. This pump power results in a gain value of approximately 19 dB. As shown in Fig. 3 , and using the formalism presented in [8], we estimate the loss of signal combining efficiency to be around 12% if optimal pump coupling is chosen. This is the main contributor for the combining efficiency drop, along with the 75% intrinsic diffraction efficiency of the DOE. Additional combining efficiency losses can be expected from the core repartition, the quality of the fiber cleave, the polarization misalignment, the power nonuniformity at multicore fiber output and the beam quality at fiber output. All those losses are low compared to the ~12% chromatic losses and the ~75% diffraction efficiency losses that sum up to ~66% expected overall combining efficiency. 
Phase noise measurement and CBC results
Before implementing the phase-locking feedback loop, we measure phase fluctuations by coupling the seed beam to two adjacent cores of the fiber only, using a setup similar to that presented in [6] . At the output of the amplifier, we remove the DOE to observe interference fringes in the far field, and two photodiodes are used to measure the in-phase and quadrature components, allowing the measurement of phase fluctuations. The result is shown in Fig.  4(left) . The peak-to-peak phase variation is 3 rad during 15 min in 3.7 meters of MCF. This value can be compared to the measurement reported in [6] for two distinct 2 m-long fiber amplifiers, where a peak-to-peak excursion of 180 rad was measured over 50 s. As has been reported previously, the MCF considerably reduces differential environmental phase shifts among cores. Based on this measurement, we can estimate the performance of an ideal first order feedback system in phase-locked operation. The expected residual phase noise is shown in Fig. 4(right) as a function of feedback system bandwidth, and shows that a very slow bandwidth of the order of a fraction of Hertz is sufficient to achieve a residual phase standard deviation of the order of λ/30 [9]. This feedback loop is implemented through a SPGD algorithm [10] . By applying small random perturbations to the optical phases through the SLM, and measuring their impact, the algorithm continuously optimizes the metric, which in our case is the power contained in the zero-order of the DOE at the output of the system. The bandwidth of a SPGD controller with update rate F is roughly /10. W F N = , with N the number of emitters. In our system, F = 1.6 Hz, providing a bandwidth of 0.02 Hz. In closed loop operation, we achieve 63% combining efficiency, defined as the power in the DOE zero-order divided by the total power at the fiber output. Figure 5(a) shows the useful output power as a function of time, and Fig. 5(b) the beam profile at the output of the DOE. Residual uncombined optical power is visible in higher DOE orders. The average output power in the zero-order beam is 378 mW, and the peak power is 105 W. While these numbers are not yet at the state of the art, we strongly believe that optimization of the fiber design and parameters such as doping concentration and pump cladding will allow scaling well beyond the current Brillouin threshold limit for large mode area fibers, around 1 kW. The zero-order beam is isolated using a spatial filter in order to proceed with M 2 parameter assessment. The measured value is M 2 = 1.1 ± 0.05 in both transverse directions. Although the input angle to the DOE is non-optimal for the signal as described previously, this does not result in a degradation of the output quality, but rather only in a decrease of the combining efficiency.
Intermediate field to measure phase shifts
Finally, residual phase fluctuations between cores in closed loop operation are measured using a novel self-referenced lensless technique that allows us to measure the relative phases between all pairs of adjacent cores. The principle consists in propagating all 7 beams at the output of the MCF without lens to create interferences fringes between neighbor cores as illustrated in Fig. 6 . To retain phase shift information between two waves, we therefore use the spatial profile in an intermediate plane, where interference patterns between neighbor spots are clearly isolated and distinguishable. Fig. 6 . Theoretical near field and its propagation along the optical axis. In an intermediate field, only adjacent cores interfere in a simple two wave linear fringes pattern. If the phase delay between two cores is changed, the fringe pattern will translate proportionally to the delay. In contrast, the field further away contains interferences between three waves, and the far field (not represented here) is composed of interferences between the seven spots.
The interference pattern is acquired using a CCD camera. As we can see on Fig. 7(a) , the fringes position is proportional to the phase shift between the 2 cores that interfere. In our case, 7 cores with hexagonal repartition create twelve areas of interference fringes between peripheral spots and/or the central spot. A simple cut in the middle of each two-wave interference fields allows the measurement of the phase difference evolution between two cores. The time-averaged measured residual phase between all channels is λ/22 RMS in closed-loop operation, corresponding to 2.5% losses due residual phases according to [8] . While we used this technique only as a characterizing tool in this experiment, it could advantageously be used as the phase detecting element in the phase feedback loop, allowing deterministic phase control instead of stochastic methods such as SPGD, both for multicore amplifiers and more generally for CBC systems in tiled aperture. Indeed, the relative phase fluctuations to compensate in the feedback loop are acquired at camera refresh rate, whatever the number of emitters. Moreover, the available light for phase measurement at a fiber amplifier output is usually high even after a 1% beam sampler and the fringe contrast is close to 1. It is thus possible to extract the relative phase fluctuation information with a good signal-to-noise ratio. A least square estimation of the respective phase of all cores is then possible, provided a calibration step.
This method also bears some resemblance with the technique presented in [11] . The main difference is that in our case, a reference wave is not needed and can be made lensless. Indeed, although the results presented here are obtained with an intermediate optical system to adapt the fringe size to a standard camera, it is possible to design a system requiring no optics. For example, in our setup, the distance between the emitters is 80 µm to avoid core coupling. At a distance of 700µm after the fiber, the beams naturally overlap in the optimal 2 wave interference configuration. We then expect 4 to 5 fringes with a 13 µm period. These patterns can be recorded with e.g. n infrared focal plane array pixel pitch of 5 µm as the HgCdTe sensor presented in [12] .
Conclusion
In conclusion, we demonstrate for the first time to our knowledge active CBC of a MCF amplifier in the eye-safe wavelength region, in long-pulse operation. This regime is particularly relevant for application to Doppler LIDAR systems where the pulse energy determines the range of the system. The MCF architecture allows power scaling while using single elements for pumping, phase detection, and phase control, providing integration capability to future systems. We present a novel very simple lensless technique to measure phase shift between emitters. This technique can be extrapolated to other setup for example a large number of emitters in square configuration.
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